Ca-P-O coatings of -tricalcium phosphate (-TCP) and hydroxyapatite (HAp) films were prepared on commercially pure Ti (CP-Ti) by MOCVD using Ca(dpm) 2 and (C 6 H 5 O) 3 PO precursors. The behavior of apatite formation on the Ca-P-O coatings was investigated by immersing specimens in a Hanks' solution. An apatite phase has regenerated on the -TCP coating after 1 day, and has covered the whole specimen surface after 14 d. On the HAp coating, an apatite phase has regenerated after 1 h and has covered the whole surface after 6 h. The microstructure of the regenerated apatite phase on the HAp coating has changed from a needle-like to a network texture after 12 h.
Introduction
Calcium phosphate, such as hydroxyapatite (Ca 10 (PO 4 ) 6 -(OH) 2 , HAp) and -, -tricalcium phosphate (Ca 3 (PO 4 ) 2 , TCP), has been used as artificial bones and teeth because of its excellent biocompatibility, bioactivity and biodegradability. 1) Ti and its alloys have been used as tooth implant and hipbone joints due to their good mechanical properties, corrosion resistance and biocompatibility. 2, 3) However, a long period of time, typically 3 months, would be needed to fix Ti implants with bones without applying mechanical force during the fixation period. In order to reduce the fixation period, Ti implants are coated with bio-ceramics, usually calcium phosphate, because such coating is particularly effective in fixing in the initial stage. 1) Many studies on bio-ceramic coatings prepared by plasma spray, 4, 5) sol-gel 6, 7) and sputtering 8, 9) have been reported. Chemical vapor deposition (CVD) is advantageous for coatings at a high deposition rate, excellent microstructure controllability and step coverage, 10) however only a few studies on bio-ceramics applied by CVD have been reported. In a previous study, we have first prepared -TCP and HAp films by metal-organic chemical vapor deposition (MOCVD).
11) Single phases of -TCP, HAp and mixtures of -TCP and HAp having a dense microstructure were prepared by changing the deposition conditions, mainly the substrate temperature and total pressure. The maximum deposition rate was 6.0 nm s À1 , 40 times faster than that of a sputtering method. However, there have been no reports on the regeneration of apatite (bone conductivity) on -TCP and HAp coatings prepared by CVD. The bone conductivity of bio-ceramic coatings can often be evaluated by apatite formation rates in a pseudo-body fluid. The apatite formation rates reported in literatures greatly scattered and there have been no comprehensive understanding of the regeneration of apatite. We have reported that the surface morphology of MOCVD Ca-T-O films would significantly affect the regeneration of apatite.
12) Therefore, bio-ceramic coatings with well-controlled microstructures should be prepared to study bone conductivity.
In this study, Ca-P-O films were prepared by MOCVD and the apatite formation behavior was investigated by immersing Ca-P-O films in a pseudo-body fluid.
Experimental Procedure
Ca-P-O films were prepared using a vertical cold-wall type CVD apparatus.
12) Ca(dpm) 2 (bis-dipivaloylmethanatocalcium) and (C 6 H 5 O) 3 PO (triphenylphosphate) source powders were heated at 523 to 573 and 493 to 533 K, respectively. These vapors were carried into the CVD reactor by Ar carrier gas. O 2 gas was separately introduced by using a double-tube nozzle and mixed with the precursor vapor in a mixing chamber placed above a substrate holder. The total gas flow rate (FR tot ¼ FR Ar þ FR O 2 þ FR source vapor ) was fixed at 3:33 Â 10 À6 m 3 s À1 . The total pressure (P tot ) in the CVD reactor was maintained at 0.8 kPa. The substrate temperature (T sub ) was 1073 K. Commercially pure titanium (CP-Ti) of 10 Â 15 Â 0:5 mm was used as substrate.
The deposition conditions are summarized in Table 1 . The crystal structure was analyzed by X-ray diffraction (XRD). The microstructure and thickness were examined by scanning electron microscopy (SEM). A Hanks' solution was used as a pseudo-body fluid, and its components are listed in Table 2 . Specimens were ultrasonically cleaned in ethanol and immersed in the Hanks' solution. The temperature in an incubator was maintained at 310 K. The immersion time ranged from 0.5 h to 2 w, and the solution was changed every 1 w. After the immersion test, specimens were washed with distilled water and then dried. The crystal structure and microstructure after the immersion test were analyzed by XRD and SEM, respectively. Figure 1 shows a CVD phase formation diagram of Ca-P-O films as functions of T sub and R Ca/P . CaO phase formed mainly in a low T sub and a high R Ca/P regions, whereas P 2 O 5 phase formed in a high T sub region. At T sub ¼ 873 K, no Ca-P-O phase was obtained, while a mixture phase of CaO and CaCO 3 was obtained in a wide region. At T sub ¼ 973 and 1073 K, the crystal structure of Ca-P-O changed depending on R Ca/P . -TCP in a single phase was obtained at R Ca/P < 0:3 when T sub ¼ 1073 K and R Ca/P ¼ 0:1 to 0.4 when T sub ¼ 973 K. HAp in a single phase was obtained at R Ca/P ¼ 0:5 to 0.6 when T sub ¼ 973 K and R Ca/P ¼ 0:8 to 1.0 when T sub ¼ 1073 K. Figure 2 shows the surface morphology of -TCP and HAp coatings prepared at T sub ¼ 1073 K and P tot ¼ 0:8 kPa. The HAp coating had a granular surface with a grain size of 2 mm in diameter, and these grains consisted of further smaller grains (Fig. 2(a) ). The surface morphology of the -TCP coating had a granular surface with a grain size of 1 mm in diameter with a relatively smooth texture (Fig. 2(b) ). Figure 3 shows XRD patterns of the -TCP coatings after immersion in the Hanks' solution from 1 d to 2 w. No changes of XRD patterns were observed after 7 d, and diffraction peaks of apatite were identified at 2 ¼ 25: 8 and 31.7 after 14 d. Although -TCP is known as a highly biodegradable material, 13) the -TCP phase remained even after 14 d immersion. The dense microstructure might inhibit the elution of the -TCP coatings. Figure 4 shows the surface morphology of the -TCP coatings after immersion in a Hanks' solution. A small amount of apatite crystals were observed after 1 d (Fig. 4(a) ), and the apatite crystals grew with increasing immersion time ( Figs. 4(b), 4(c) ). The apatite covered the whole surface of the -TCP coating after 14 d (Fig. 4(d) ). Figure 5 shows XRD patterns of the HAp coatings after immersing in the Hanks' solution for 1 d to 2 w. The HAp coating had a preferred orientation of (002), and no significant change of XRD pattern was identified after immersion. Figure 6 shows the surface morphology of HAp coating after immersion in the Hanks' solution from 1 d to 2 w. The surface of HAp coating was covered by apatite after 1 d exhibiting high bone conductivity (Fig. 6(a) ). The amount of apatite increased with increasing immersion time (Fig. 6(b) ). Figure 7 shows the surface morphology of the HAp coatings in an initial stage of the immersion test. Many small holes were observed after 0.5 h (Fig. 7(a) ), perhaps due to the elution of the HAp coating into solution. The apatite phase was identified at hollow places in the HAp coatings after 1 h (Fig. 7(b) ), and the grain size of the apatite phase grew with increasing immersion time (Fig. 7(c) ). The apatite phase with a needle-like texture covered the whole surface of the HAp coatings after 6 h ( Fig. 7(d) ). The microstructure of the apatite phase has changed from a needle-like to a network texture after 12 h (Fig. 7(e) ).
Results and Discussion
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Apatite formation on Ca-P-O film
The apatite formation mechanism on the bio-ceramic coatings can be assumed as illustrated in Fig. 8 . The bioceramic film would be eluted into solution and the eluted ions have been trapped at the hollow places in the film. The concentration of Ca 2þ and PO 4 3À ion would be increased locally at the hollow places. The Ca 2þ ions in the solution could be adsorbed at the supersaturated hollow places of PO 4 3À ions, and the PO 4 3À ions in the solution would be also adsorbed at the supersaturated hollow places of Ca 2þ ions. Consequently, the apatite phase has nucleated and the growth has proceeded. The preferential formation of apatite at the hollow places was also observed in CaTiO 3 film prepared by MOCVD. 12) In this study, the apatite formation rate on the HAp coatings was faster than that of -TCP coating. It is known that the elution of calcium phosphate coating must have taken place in advance of the formation of apatite. However, since the elution rate of -TCP should be much higher than that of HAp coating, 14) the surface morphology of -TCP coating would become smoother than that of HAp coating resulting in the decrease of nucleation site of apatite formation. Furthermore, the adsorbed apatite nuclei would be easily detached due to the elution of the -TCP coatings. On the other hand, the moderate elution rate of HAp coating might increase the concentration of Ca 2þ and PO 4 3À ions in the vicinity of the HAp coating. The numerous sub-micron pores formed due to the elution of HAp coating ( Fig. 7(b) ) should become the trapping points of Ca 2þ and PO 4 3À ions accelerating the formation of apatite. Figure 9 compares the time required for the formation of apatite over the whole surface of Ca-Ti-O and Ca-P-O films prepared by MOCVD by immersion in the Hanks' solution. In our previous study, the apatite phase has covered the whole surface of the CaTiO 3 coating with a smooth surface after 6 w and that of the CaTiO 3 coating with a cauliflower-like texture after 3 d.
12) The apatite formation rate changed depending on the surface morphology of the coating. This result suggests that the surface morphology should significantly affect the apatite formation. In addition, although both the -TCP and HAp coatings had a smooth texture, the apatite formation rates of -TCP and that of HAp were faster than that of the CaTiO 3 coating with a smooth surface. Therefore, the faster apatite formation rate on the Ca-P-O coatings could be caused by the higher bone conductivity of Ca-P-O coating than that of Ca-Ti-O coating. Therefore, the apatite formation on bio-ceramic coating would be mainly affected by both bone conductivity and surface morphology of coating. Table 3 Apatite nucleats and grows. Ca 2+ or PO 4 3-ions in a pseudo body fluid are adsorbed.
Eluted ions are trapped at hollow place of film, and concentration of Ca 2+ and/or PO 4 3-ions increases. tion in a pseudo-body fluid. Therefore, MOCVD would be appropriate for the preparation of bio-ceramics coatings, and the CaTiO 3 , -TCP and HAp coatings prepared by MOCVD were promising as bone conductive materials.
Conclusion
-TCP and HAp coatings were prepared on CP-Ti by MOCVD using Ca(dpm) 2 and (C 6 H 5 O) 3 PO precursors and were immersed in a Hanks' solution. The apatite phase has formed on the -TCP coating after 1 d and covered the whole surface after 14 d. The HAp coating eluted into solution in an initial stage, and the apatite phase covered the whole surface after 6 h. The nucleation of apatite occurred preferentially at hollow places of the -TCP and HAp coatings. Ca-P-O coatings prepared by MOCVD could be promising materials having excellent bone conductivity. 
